Introduction {#S1}
============

Ischemia plays a crucial role in the pathogenesis of many human diseases, including peripheral artery disease (PAD), myocardial infarction and stroke \[[@ref1]\]. Vascular endothelial cell damage is an initial factor of ischemic injury. Depletion of oxygen and glucose in endothelium causes disturbances in energy metabolism and protein synthesis, intracellular calcium overload, overproduction of inflammatory cytokines and induction of adhesion molecules. These conditions lead to oxidative damage through protein oxidation, inactivation of enzymes, lipid peroxidation and DNA base modifications \[[@ref2]\]. An altered oxidant-antioxidant balance contributes to disruption of structural and functional endothelial integrity and the development of vascular injury \[[@ref3]\]. Reactive oxygen species (ROS), a major mediator of endothelial injury, are generated at the early stage of ischemia through the mitochondrial respiratory chain \[[@ref2]\]. Therefore, a promising therapeutic strategy for protecting endothelium during ischemia is enhancement of the endogenous antioxidant system.

Glutathione S-transferases (GSTs) are antioxidant and phase II detoxifying enzymes. Glutathione S-transferase π1 (GSTP1), the major extra-hepatic GST isoform, appears to play a key role in protecting against ischemic stress. GSTP1 can protect cells against ischemia via several potential mechanisms, including facilitation of the metabolism and detoxification of small-chain aldehydes (e.g. acrolein) generated during peroxidation of membrane lipids or direct inhibition of the proapoptotic c-Jun N-terminal kinase (JNK) \[[@ref4], [@ref5]\]. The release of cytosolic GSTs into the extracellular space is a valuable marker of ischemia/reperfusion injury \[[@ref6]\]. Normally, cell membranes are impermeable to enzymes; for this reason, the levels of GSTP1 released in the culture medium of human umbilical vein endothelial cells (HUVECs) under OGD may indicate a loss of membrane integrity and cellular damage.

During ischemia and the accompanying enhanced oxidative stress, phase II detoxifying and antioxidant genes become active, and this activation leads to the detoxification of ROS or the prevention of ROS generation. Antioxidant response element (ARE) is a cis-acting sequence located in promoter regions of genes encoding phase II enzymes. The activation of gene transcription via the ARE is regulated by nuclear factor-erythroid 2-related factor (Nrf2) signaling \[[@ref7]\]. In an inactive state, Nrf2 is retained in the cytoplasm by binding to Kelch-like ECH-associated protein (Keap1). Keap1 limits the basal activity of Nrf2 by directing its ubiquitination and degradation via the Keap1/Cul3/Rbx1 E3--ubiquitin ligase complex \[[@ref8]\]. Upon activation, Nrf2 dissociates from Keap1, translocates into the nucleus and dimerizes with the Maf protein. The Nrf2-Maf heterodimer recognizes the ARE sequence and initiates transcription of target genes, including GSTs, heme oxygenase-1 (HO-1), NAD(P)H:quinine oxidoreductase (NQO1) and thioredoxin reductase (TR) \[[@ref7], [@ref9]\]. Furthermore, recent studies have proposed that both the activation and increase in transcriptional activity of Nrf2, as well as its antioxidant genes, are involved in protecting vascular endothelial cells against ischemic damage. Among phase II enzymes, GSTP1 is one of the most important targets in Nrf2-linked vasoprotective regulation \[[@ref10]\].

Sulodexide (SDX) is a mixed glycosaminoglycan formulation composed of fast-moving heparin and dermatan sulfate. SDX exhibits antithrombotic, profibrinolytic, and anti-inflammatory effects \[[@ref11]\]. Furthermore, SDX restores endothelial glycocalyx and inhibits proteolytic activity of metalloproteinases \[[@ref12]\]. SDX is capable of penetrating into endothelial cells. Thus, SDX exerts many endothelial-protective effects such as anti-inflammatory, antioxidant, antiapoptotic and anti-atherosclerotic impacts \[[@ref11], [@ref13]\]. Recently, it has become more widely used in the treatment and secondary prevention of deep venous thrombosis, venous leg ulcers, ischemic cardiovascular events and diabetic nephropathy \[[@ref11]\]. However, the effects of SDX on injury of endothelial cells induced by ischemia remain unclear. We hypothesize that the anti-ischemic activity of SDX in endothelium is associated with the induction of GSTP1 via the Nrf2/ARE pathway. We evaluated the putative mechanism of SDX using HUVECs as a cellular model and oxygen-glucose deprivation (OGD) to mimic ischemic injury *in vitro*.

Material and methods {#S2}
====================

Cell culture {#S2_1}
------------

HUVECs were purchased from Lonza (USA) and cultured in endothelial basal medium (EGM-2) with EGM-2 BulletKit in standard conditions (humidified atmosphere, 5% (v/v) CO~2~, 37°C). The cells were seeded at a density of 1 × 10^3^ into 75 cm^2^ cell culture flasks, 100 mm dishes or 24-well plates (CytoOne, USA). All experiments using HUVECs were conducted on confluent cultures between passages 3 and 4.

OGD model and cell treatment {#S2_2}
----------------------------

HUVECs were washed twice with pre-warmed glucose-free Dulbecco's modified Eagle's medium (DMEM, no glucose; Thermo Fisher Scientific, USA). To initiate OGD, the cells maintained in DMEM without glucose were immediately transferred to a hypoxic chamber (incubator Galaxy 48 R, Eppendorf Inc., USA) with an atmosphere of 92% N~2~, 5% CO~2~ and 3% O~2~ at 37°C for 1--6 h.

To evaluate the effect of 0.5 LRU/ml SDX treatment (Vessel due F, Alfa Wasserman, Italy), this drug was added directly to the medium at the start of OGD, and cells were harvested after different OGD exposure times (1, 2, 3, 4, 5 and 6 h). The SDX concentration was selected based on literature data \[[@ref14], [@ref15]\]. To study the influence of SDX on the Nrf2 nucleus accumulation, the cells were incubated with 0.5 LRU/ml SDX in OGD for 1 h. The cells of the external control group in standard EGM-2 supplemented with EGM-2 BulletKit were exposed to normoxia for 6 h. Cell cultures that were exposed to OGD conditions but were not treated with SDX served as internal controls.

Real-time PCR {#S2_3}
-------------

The relative gene expression of *GSTP1* and *Nrf2* was measured by two-step quantitative real-time PCR (qRT-PCR). Extraction of total RNA from cells was performed using the Chomczynski method \[[@ref16]\]. One microgram of total RNA was reverse transcribed to cDNA with a high-capacity cDNA reverse transcription kit (PE Applied Biosystems, USA) according to the manufacturer's protocol. Primers used for qRT-PCR were retrieved from the database RTPrimerDB (<http://www.rtprimerdb.org/>). The following sequences were synthesized by Genomed S.A. Company (Poland): GSTP1, 5′-TGTCGGGTGGGTAAGGAGATAG-3′ and 5′-TTGCCCTTAGGAGACTCCAAAC-3′; Nrf2, 5′-GACTCCCGTCCCAGCAG-3′ and 5′ GCTCATACTCTTTCCGTCGC 3′; GAPDH, 5′-GAAGGTGAAGGTCGGAGTC-3′ and 5′-GAAGATGGTGATGGGATTTC3′. Real-time PCR reactions were conducted using SYBR select Master Mix (PE Applied Biosystems) on a Roche LightCycler 480 (Germany). The protocol started with 2 min enzyme activation at 95°C, followed by 45 cycles of 95°C for 15 s and final elongation at 60°C for 1 min. Melting curve analysis for each sample was performed to confirm the specificity of the reaction. *GAPDH* expression from the same sample was used for data normalization. The 2^--ΔΔCt^ relative method was employed to assess fold changes in mRNA expression \[[@ref17]\].

ELISA {#S2_4}
-----

The GSTP1 protein concentrations were detected in cell lysates and supernatants using an ELISA kit (Wuhan Fine Biological Technology Co., Ltd., China) following the manufacturer's protocol. Total, cytosolic and nuclear Nrf2 protein levels were determined using the commercially available human NFE2L2 (Nuclear factor, Erythroid derived 2 like 2) ELISA kit (Wuhan Fine Biological Technology Co., China) according to the manufacturer's instructions. Absorbance was measured at the wavelength of 450 nm using a Multiskan RC microplate reader.

Preparation of nuclear and cytosolic fractions {#S2_5}
----------------------------------------------

Nuclear and cytosolic fractions were collected according to the manufacturer's description of the Nuclear Extraction Kit (Abcam, USA).

Statistical analysis {#S2_6}
--------------------

The values are presented as the mean ± SD. Data were analyzed by one-way ANOVA followed by Bonferroni's test, using GraphPad Prism 7 Software (USA). Differences were considered significant at *p* \< 0.05.

Results {#S3}
=======

Effects of SDX on GSTP1 mRNA and protein expression {#S3_1}
---------------------------------------------------

To evaluate the effects of SDX (0.5 LRU/ml) on GSTP1, HUVECs were incubated in OGD conditions for 1--6 h, and the relative mRNA and protein levels were measured by qRT-PCR and ELISA. As shown in [Figure 1](#F1){ref-type="fig"} A, in the untreated cultures, a marked decrease in the GSTP1 mRNA expression level was observed in the first 3 h of OGD. Incubation with SDX for 1--3 h strikingly increased the *GSTP1* transcripts in ischemic HUVECs. Then, after 4--6 h of OGD, the expression of GSTP1 mRNA after SDX was similar to the relative mRNA level observed after the treatment with OGD alone. Similarly, the results of ELISA showed that treatment with SDX for 1--3 h strongly induced GSTP1 protein expression in ischemic HUVECs ([Figure 1](#F1){ref-type="fig"} B). The administration of SDX did not affect the GSTP1 protein levels in HUVECs exposed to 4--6 h of OGD.

![Effects of SDX on expression of GSTP1 detected by qRT-PCR and ELISA. HUVECs were exposed to normoxia or 1--6 h of OGD in the absence or presence of SDX (0.5 LRU/ml). A -- Relative levels of GSTP1 mRNA in HUVECs of each group measured by qRT-PCR. Data are mean ± SD (*n* = 4). B -- Intracellular GSTP1 protein levels in HUVECs of each group measured by ELISA. Data are mean ± SD (*n* = 4--6)\
*\*p \< 0.05 vs. normoxia; \#p \< 0.05 vs. 1 h OGD; \^p \< 0.05 vs. 2 h OGD. \$p \< 0.05 vs. 3 h OGD*.](AMS-16-35794-g001){#F1}

Effect of SDX on GSTP1 release into culture media {#S3_2}
-------------------------------------------------

To determine whether activation of GSTP1 was also associated with attenuation of OGD-induced endothelial cell damage, GSTP1 release into the cell culture medium was assessed at different times of SDX treatment ([Figure 2](#F2){ref-type="fig"}). GSTP1 is a cytosolic protein that belongs to the pi class of the GST superfamily. We assumed that the increased release of GSTP1 into the media may reflect the dynamics of the cell damage process. The concentration of GSTP1 in HUVEC supernatants was increased significantly after 1--6 h of OGD compared with normoxic conditions. At all these time points, treating ischemic HUVECs with SDX caused a significant decrease in the amount of GSTP1 released into the cell culture medium.

![Effects of SDX on the release of GSTP1. HUVECs were exposed to normoxia or 1--6 h of OGD in the absence or presence of SDX (0.5 LRU/ ml). GSTP1 protein concentrations in cell culture supernatants were determined by ELISA\
*Data are mean ± SD (n = 6). \*p \< 0.05 vs. normoxia; \#p \< 0.05 vs. 1 h OGD; \^p \< 0.05 vs. 2 h OGD; \$p \< 0.05 vs. 3 h OGD; &p \< 0.05 vs. 4 h OGD; £p \< 0.05 vs. 5 h OGD; \@p \< 0.05 vs. 6 h OGD*.](AMS-16-35794-g002){#F2}

SDX-induced nuclear translocation of Nrf2 {#S3_3}
-----------------------------------------

Normally, Nrf2 is retained in the cytoplasm by Keap1, which disables Nrf2 translocation to the nucleus \[[@ref18]\]. Once released from Keap1 repression, activated Nrf2 translocates to the nucleus, where it binds to ARE regulatory DNA sequences and regulates transcription of target genes, such as GSTP1 \[[@ref10], [@ref19]\]. Therefore, we wondered whether SDX-induced activation of GSTP1 in HUVECs exposed to OGD was regulated via Nrf2. To answer this question, we determined the Nrf2 protein concentrations in the nuclear and cytosolic fractions after 1 h of OGD. As shown in [Figure 3](#F3){ref-type="fig"}, when endothelial cells were exposed to 1 h of OGD, the nuclear Nrf2 protein level was lower than that in normoxic cells. The ELISA results show how 1 h of SDX administration dramatically increased the Nrf2 concentration in the nuclear fraction of OGD-treated HUVECs, suggesting involvement of the Nrf2 pathway in the activation of GSTP1.

![Effects of SDX on nuclear translocation of Nrf2. HUVECs were subjected to normoxia or 1 h of OGD in the absence or presence of SDX (0.5 LRU/ ml). Nrf2 protein concentrations in the nuclear (A) and cytosolic (B) fractions were determined by ELISA\
*Data are mean ± SD (n = 4). \*p \< 0.05 vs. normoxia; \#p \< 0.05 vs. 1 h OGD*.](AMS-16-35794-g003){#F3}

Effect of SDX on Nrf2 mRNA and protein expression {#S3_4}
-------------------------------------------------

Quantitative analysis revealed a significant decrease in the amount of Nrf2 transcript in HUVECs following 3, 4 and 6 h of OGD ([Figure 4](#F4){ref-type="fig"} A). Additionally, after incubation of the cultures with SDX, an increase in *Nrf2* mRNA expression occurred between the 2^nd^ and 4^th^ h of OGD and then it returned to the basal normoxic level.

![Effects of SDX on expression of Nrf2 detected by qRT-PCR and ELISA. HUVECs were exposed to normoxia or 1--6 h of OGD in the absence or presence of SDX (0.5 LRU/ml). A -- Relative levels of Nrf2 mRNA in HUVECs of each group measured by qRT-PCR. Data are mean ± SD (*n* = 4). B -- Total Nrf2 protein levels in HUVECs of each group determined by ELISA. Data are mean ± SD (*n* = 4--6).\
*\*p \< 0.05 vs. normoxia; \#p \< 0.05 vs. 1 h OGD; \$p \< 0.05 vs. 3 h OGD; &p \< 0.05 vs. 4 h OGD*.](AMS-16-35794-g004){#F4}

Evaluation of total Nrf2 protein by ELISA showed that exposure of HUVECs to 1, 2 and 4 h of OGD significantly reduced the Nrf2 concentration compared to normoxia. As shown in [Figure 4](#F4){ref-type="fig"} B, treating OGD-stimulated HUVECs with SDX for 1--4 h increased the total Nrf2 protein level.

Discussion {#S4}
==========

Cumulative evidence has suggested that induction of GSTP1 might be beneficial in protecting the endothelium against ischemic injury \[[@ref4]\]. GSTP1, a major GST isoform in murine cardiovascular tissues, is a highly inducible multifunctional enzyme that catalyzes the glutathione conjugation with reactive aldehydes derived from lipid peroxidation (e.g. 4-hydroxynonenal) and ROS. Furthermore, GSTP1 regulates the intracellular protein glutathionylation under oxidative and/or nitrosative stress \[[@ref4], [@ref20]\]. Therefore, the pharmacological up-regulation of GSTP1 may be an important therapeutic strategy for limiting ischemic endothelial damage.

Our study demonstrated that SDX treatment significantly induced GSTP1 in the first 3 h of OGD, as evidenced by a dramatic increase in both the GSTP1 mRNA and protein expression in HUVECs ([Figure 1](#F1){ref-type="fig"}). There is much evidence that ischemia may induce the generation of free radicals and ROS, and the production of these species is increased further upon reperfusion. One of the earliest events in the ischemic area may be oxidative injury and apoptosis of vascular endothelium, but the molecular and biochemical mechanisms regulating ischemia-induced dysfunction of the endothelium are incompletely understood \[[@ref21]\].

GSTP1 is described as an endogenous inhibitor of proapoptotic JNK kinase that plays a key role in the ischemia-induced apoptosis of vascular endothelial cells \[[@ref6], [@ref22]\]. In the normal state, catalytic activity of JNK is maintained at a low level via the GSTP1-JNK complex \[[@ref21]\]. Dissociation of this protein complex under ischemic stress releases and activates JNK. The liberated JNK regains its activity by phosphorylation and further phosphorylates c-Jun, resulting in induction of the intrinsic apoptotic pathway \[[@ref23]\]. It was shown that pharmacological downregulation of GSTP1 destabilizes the GSTP1-JNK complex concomitantly with JNK activation and inhibition of protein S-glutathionylation \[[@ref21]\].

The results of the present study indicate that GSTP1 is strongly induced in HUVECs by SDX treatment after 1--3 h of OGD and suggest that GSTP1 activation could aggravate the endothelial protective effects of SDX. In addition, SDX inhibited the release of GSTP1 into the cell culture medium after 1--6 h of OGD ([Figure 2](#F2){ref-type="fig"}). Measurement of GSTP1 leakage into the culture medium was performed to evaluate the cellular integrity damage induced by OGD and cytoprotection of SDX. The intracellular localization of GSTP1 explains its utility as a marker of endothelial cell membrane ischemic injury \[[@ref24]\]. Our findings suggest that SDX at a clinically relevant concentration (0.5 LRU/ml) \[[@ref14]\] may prevent GSTP1 release under cell-damaging ischemic conditions.

The present study also attempted to investigate whether SDX induces the fast accumulation of Nrf2 in the nuclei of OGD-stimulated HUVECs. Nrf2 is a transcription factor that regulates a battery cytoprotective and antioxidant genes, including GSTP1 \[[@ref25]\]. It was proved that the rapid accumulation of Nrf2 in the nuclear compartment, which results in the stimulation of transcription by binding to ARE regulatory DNA sequences in target genes, effectively protects endothelial cells against ischemia-induced insult \[[@ref10]\]. However, the effects of SDX on Nrf2 activation in OGD-treated endothelial cells have not previously been studied. As shown in [Figure 3](#F3){ref-type="fig"}, when HUVECs were treated with SDX for 1 h, the Nrf2 protein level in the nuclear fraction was significantly greater than that in cells subjected to normoxia or OGD alone. Thus, SDX markedly stimulated the transport of Nrf2 from the cytosolic compartment to the nucleus after 1 h of OGD and at the same time significantly increased the mRNA level of GSTP1 ([Figures 1](#F1){ref-type="fig"} and [3](#F3){ref-type="fig"}). This evidence implies that SDX may protect against endothelial injury induced by OGD via the Nrf2/ARE signaling pathway. However, such a large SDX-induced increase in the nuclear Nrf2 level in HUVECs exposed to 1 h of OGD also suggests Keap1-independent alternative mechanisms involving enhanced expression of Nrf2 at the transcriptional or translational level \[[@ref26]\]. In our study, the endothelial Nrf2 mRNA level was significantly increased by SDX treatment between 2 and 3 h of OGD, and the amounts of total protein were significantly increased after 1--4 h of OGD ([Figure 4](#F4){ref-type="fig"}). It suggests that both transcriptional modulation and *de novo* synthesis of Nrf2 could also be regulatory mechanisms of SDX action on Nrf2 in ischemic HUVECs. In resting cells, Nrf2 is rapidly degraded in the cytosol through the ubiquitin-proteasome system \[[@ref27]\]. When the endothelial cells are exposed to various antioxidants, the Nrf2-Keap1 interaction is disturbed, thus preventing proteasome-dependent degradation, allowing the nuclear accumulation of Nrf2 and activating the expression of cytoprotective genes \[[@ref27]--[@ref29]\]. It should be stressed that, even though the most described mechanism for pharmacological activation of Nrf2 is focused on proteasome inhibition, the tight control of Nrf2 level and activity involves not only proteasomal degradation but also transcription, translation and post-translational modifications \[[@ref27]\]. We demonstrated that SDX (0.5 LRU/ml) could increase both the Nrf2 mRNA and total Nrf2 protein in OGD-injured HUVECs ([Figure 4](#F4){ref-type="fig"}). An increase in the level of total Nrf2 protein after SDX administration implies possibilities such as increased transcription, protein stabilization or an increase in Nrf2 protein translation. It was shown that the translational control is one of the Keap-independent mechanisms involved in Nrf2 modulation and *de novo* synthesized Nrf2 is required for detoxification of cytotoxic electrophiles \[[@ref30]\]. Furthermore, a recent study revealed that well-known antioxidants, such as apigenin and resveratrol, activated Nrf2 translation and that the upregulated Nrf2 overcomes the Nrf2-Keap1 pathway, translocates into the nucleus and stimulates ARE. In turn, the presence of the ARE sequence in the Nrf2 promoter region suggests that Nrf2 is a positive regulator of its own expression \[[@ref31]\]. It was proposed that Nrf2 transcription is activated by an autoregulation mechanism through the ARE region of its own promoter, leading to enhanced cell defense \[[@ref32]\]. So, although we cannot exclude a possible direct effect of SDX on Nrf2-Keap1 interaction, indirect mechanisms, such as enhancement of Nrf2 translation leading to its nuclear accumulation and induction of GSTP1, can explain the protective effects of SDX on OGD-injured HUVECs.

In conclusion, our results indicate that SDX induces a rapid onset of the antioxidant response by up-regulating the expression of GSTP1 and Nrf2 in HUVECs subjected to OGD ([Figure 5](#F5){ref-type="fig"}). Therefore, we believe that the present study may provide a pharmacological basis for the clinical application of SDX in oxidative-stress related vascular diseases. However, further experimental and clinical studies need to be carried out in order to confirm these mechanisms of SDX action on ischemic vascular endothelium.

![Schematic illustration of potential targets of beneficial SDX action in HUVECs injured by simulated ischemia\
*SDX -- sulodexide, Nrf2 -- nuclear factor-erythroid 2-related factor, Keap1 -- Kelch-like ECH-associated protein, Ub -- ubiquitin, ARE -- antioxidant response element, Maf -- musculoaponeurotic fibrosarcoma protein*.](AMS-16-35794-g005){#F5}
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